Quantal release of the principal excitatory neurotransmitter glutamate requires a mechanism for its transport into secretory vesicles. Within the brain, the complementary expression of vesicular glutamate transporters (VGLUTs) 1 and 2 accounts for the release of glutamate by all known excitatory neurons. We now report the identification of VGLUT3 and its expression by many cells generally considered to release a classical transmitter with properties very different from glutamate. Remarkably, subpopulations of inhibitory neurons as well as cholinergic interneurons, monoamine neurons, and glia express VGLUT3. The dendritic expression of VGLUT3 by particular neurons also indicates the potential for retrograde synaptic signaling. The distribution and subcellular location of VGLUT3 thus suggest novel modes of signaling by glutamate.
T
he amino acid glutamate is the principal excitatory neurotransmitter in the mammalian nervous system. Glutamate mediates the rapid synaptic signaling required for information processing (1) , and changes in glutamatergic neurotransmission contribute to neural plasticity (2) . However, it has been difficult to identify unambiguously the cells that release glutamate as a transmitter because this ubiquitous amino acid is a key intermediate in cellular metabolism and is required for protein synthesis. The enzyme glutaminase that produces glutamate from glutamine may be enriched in glutamatergic neurons, but is also expressed by many other cells and tissues (3) (4) (5) (6) . Plasma membrane glutamate transporters are also expressed primarily on astrocytes (7, 8) . On the other hand, the most stringent criterion of neurotransmitter phenotype is exocytotic release, which in the case of classical transmitters such as glutamate requires transport into secretory vesicles.
The proteins responsible for vesicular glutamate transport eluded identification until recently, when it was recognized that a putative inorganic phosphate transporter mediates glutamate transport into synaptic vesicles (9, 10) . Within the nervous system, vesicular glutamate transporter (VGLUT) isoforms 1 and 2 appear restricted to known glutamatergic neurons and exhibit a striking complementary pattern of expression at excitatory synapses (11) (12) (13) (14) , suggesting that they might define the excitatory neuronal phenotype. Indeed, heterologous expression of VGLUT1 or VGLUT2 suffices to convert inhibitory neurons to excitatory (10, 15) .
Although the expression of VGLUT1 and VGLUT2 appears to account for the exocytotic release of glutamate by all known glutamatergic neurons, neither of these isoforms are expressed by a number of cells previously suggested to release glutamate by exocytosis. These cells include dopamine and serotonin neurons (16, 17) , and astrocytes (18) (19) (20) , raising the possibility that they express an additional isoform.
Materials and Methods
Molecular Cloning and RNA Analysis. Using a fragment of the human VGLUT3 gene to screen a rat brain library, we identified one cDNA for VGLUT3 and isolated the remainder of the protein-coding region by PCR. For RT-PCR, a 1.2-kb fragment of VGLUT3 was amplified from random-primed first-strand cDNA by using 5Ј-CTGAGACCAAGATCCATAC-3Ј and 5Ј-TATGAGTGTCCAGCAGTTCA-3Ј and 35 cycles of PCR. PCR amplification with oligonucleotides 5Ј-GTGGGC-CGCTCTAGGCACCAA-3Ј and 5Ј-CTCTTTGATGTCACG-CACGATTTC-3Ј (25 cycles) generated a 540-bp control fragment of ␤-actin as control. In situ hybridization of brain sections from 21-day-old male rats was performed by using full-length VGLUT3 probes of high specific activity (Ͼ10 9 cpm͞g) (11).
Antibody Production and Immunostaining. The sequence of the VGLUT3 cDNA encoding amino acid 530 to the C terminus was expressed as a GST fusion protein in the BL21 strain of Escherichia coli and used to generate polyclonal rabbit antisera. Immunocytochemistry was performed by using VGLUT3 antibody at a dilution of 1:8,000 and 20 g͞ml GST-VGLUT3 for adsorption (11) . Pre-embedding immuno-electron microscopy was performed by using the immunoperoxidase method (21) and VGLUT3 antibody at 1:200 -1:800. For immunof luorescence, 40-m coronal sections were immunostained with VGLUT3 antibody at 1:2,000, a mouse mAb to choline acetyltransferase (Chemicon) at 1:200, a mouse mAb to tyrosine hydroxylase (Chemicon) at 1:100, and a mouse mAb to synaptophysin (Sigma) at 1:500. The antibody deposits were detected with goat anti-rabbit IgG conjugated to Alexa red and goat anti-mouse IgG conjugated to FITC and visualized with a confocal laser microscope.
Microcultures of rat ventral tegmental area, substantia nigra pars compacta, and raphe were prepared and stained as described (17) by incubation overnight at 4°C in the rabbit polyclonal antibody to VGLUT3 (1:1,000) and mAb to serotonin (1:200, Chemicon MAB352), followed by secondary anti-rabbit antibody conjugated to Texas red and anti-mouse antibody conjugated to FITC.
Heterologous Expression, Membrane Preparation, and Transport
Assay. PC12 cells transfected with rat VGLUT3 cDNA in the IRES2-EGFP vector (CLONTECH) were selected in G418 and screened by immunofluorescence for VGLUT3. Membranes from both transfected and untransfected cells treated with 5 mM butyrate for 24 h to induce VGLUT3 expression were prepared by differential centrifugation and assayed for transport as described (11).
Results and Discussion
We searched the human genome database and identified a sequence closely related to, but distinct from, VGLUT1 and VGLUT2. The full-length rat cDNA predicts a polytopic membrane protein of 588 aa that is 78% identical to VGLUT1, 74% identical to VGLUT2, and 45% identical to the lysosomal sialic acid transporter sialin ( Fig. 5 A and B , which is published as supporting information on the PNAS web site, www.pnas.org). The high level of sequence identity to VGLUT1 and VGLUT2 suggested that the predicted protein might also transport glutamate into secretory vesicles.
To determine whether the putative transporter localizes to secretory vesicles, we raised an antibody to a bacterial fusion protein containing the predicted cytoplasmic C terminus, which shows very limited similarity to the established VGLUTs. The antibody recognizes a 65-kDa protein in two stably transfected PC12 cell clones, but not in untransfected PC12 cells or after adsorption with the antigen (Fig. 6A , which is published as supporting information on the PNAS web site). Immunofluorescence shows that the protein localizes to internal membranes and processes of nerve growth factor-treated PC12 cells (Fig.  6B ), similar to VGLUT1 and VGLUT2. Differential centrifugation of rat brain extracts supports the localization to synaptic vesicles in vivo (Fig. 6C) . Further, the protein cofractionates with VGLUT1 and synaptophysin on a population of light membranes by glycerol velocity sedimentation (Fig. 6D) , a procedure that separates synaptic vesicles from essentially all other membranes (22) . Like VGLUT1 and VGLUT2, a substantial proportion of the putative VGLUT thus localizes to synaptic vesicles. However, in the cell bodies of transfected PC12 cells, the putative transporter shows minimal colocalization with the synaptic vesicle protein synaptophysin (Fig. 6B) . Although the differences in localization may simply reflect heterologous expression, differential centrifugation of brain extracts shows that the novel protein sediments differently than synaptophysin and VGLUT1 (Fig. 6C) .
To assess glutamate transport by the novel protein, we isolated a population of light membranes from stably transfected PC12 cell clones (9, 11) . Membranes from multiple transfected cell clones accumulate significantly more 3 H-glutamate than those from untransfected cells (Fig. 7A , which is published as supporting information on the PNAS web site). The activity does not require Na ϩ , and kinetic analysis showed that the activity has a K m Ϸ 1.5 mM (Fig. 7B ). Like VGLUT1 and VGLUT2, it recognizes glutamate but not aspartate (Fig. 7C) , exhibits a biphasic dependence on chloride (Fig. 7E) , and depends to a greater extent on ⌬⌿ than ⌬pH of the H ϩ electrochemical gradient ( Fig. 7D ) (9-12, 15, 23, 24) . Other groups have reported a greater dependence on ⌬pH and some recognition of aspartate (25, 26) , but these discrepancies may reflect differences in the transport activity conferred by different heterologous expression systems. Thus, the novel protein transports glutamate with properties very similar to VGLUT1, VGLUT2, and native synaptic vesicles from the brain (27, 28) , and we will refer to it as VGLUT3.
Semiquantitative RT-PCR used to detect the low levels of VGLUT3 mRNA in vivo shows expression in the liver and kidney as well as the brain (Fig. 5C ). By in situ hybridization, VGLUT3 antisense RNA labels multiple, discrete brain regions in a pattern very different from sense RNA (Fig. 1 A-C) and that of VGLUT1 and VGLUT2 (11) . We observe specific hybridization for VGLUT3 mRNA in the cerebral cortex, amygdala, hippocampus, and hypothalamus, all of which contain glutamatergic cell populations. However, VGLUT3 also labels the striatum (Fig. 1 A) , a region that does not contain the cell bodies of any known glutamate neurons. Dark-field microscopy of emulsion autoradiographs showed that layer II of the parietal cortex labels more strongly for VGLUT3 mRNA than other cortical layers (Fig. 1D) . In contrast, VGLUT1 mRNA is expressed at high levels by multiple layers (Fig. 1E ) and VGLUT2 transcripts are highly enriched in layer IV (Fig. 1F) . In the hippocampus, moderate levels of VGLUT3 expression were observed by principal cells in the pyramidal and dentate gyrus granule cell layers ( Fig. 1 G and H) . Surprisingly, scattered cells in stratum radiatum of CA1-3 contain very high levels of VGLUT3 mRNA, suggesting expression by interneurons generally considered to be inhibitory. In addition, the substantia nigra pars compacta and ventral tegmental area contain moderate levels of VGLUT3 mRNA ( Fig. 1I and Fig. 8 , which is published as supporting information on the PNAS web site), suggesting expression by dopamine neurons. Further, cells in certain raphe nuclei label strongly for VGLUT3 (Fig. 1J) , suggesting expression by a subset of serotonergic neurons. In the cerebellum, cells in the granular layer express VGLUT3 (Fig. 1K) . Granule cells are excitatory, but additional labeling occurs in the molecular and Purkinje cell layers, again suggesting expression by cells that are not traditionally considered glutamatergic.
To characterize the distribution of VGLUT3 protein, we immunostained rat brain sections. In the hippocampus, punctate labeling was observed in the pyramidal cell and dentate gyrus granule cell layers, as well as at the border between stratum radiatum and lacunosum-moleculare (Fig. 2 A) . At high resolution, the punctate immunoreactivity surrounds unstained pyramidal cell bodies and proximal dendrites in CA1-3 (Fig. 2C) , suggesting that VGLUT3, despite a presumed role in excitatory neurotransmission, might be expressed at inhibitory synapses made by interneurons. Supporting this possibility, stratum radiatum contains scattered cells labeled for VGLUT3 that resemble interneurons (Fig. 2E) , consistent with the intense expression of VGLUT3 mRNA by scattered cells in this layer ( Fig. 1 G and H) . VGLUT3 puncta also contact unlabeled cell bodies and dendrites in stratum radiatum (Fig. 2D) . Because the labeling of puncta around pyramidal cells strongly resembles the distribution of ␥-aminobutyric acid (GABA)ergic terminals labeled for the biosynthetic enzyme glutamic acid decarboxylase (GAD) and the vesicular GABA transporter (29), we doublestained sections for GAD. Immunofluorescence shows that VGLUT3 colocalizes with GAD in a subset of GAD-positive cell bodies and processes (Fig. 3 A-C) . Although we observed expression of VGLUT3 mRNA by hippocampal pyramidal and dentate gyrus granule cells, we did not detect VGLUT3 protein at their terminals. These neurons have been observed to express mRNAs without the corresponding proteins (30) .
In the neocortex, cell bodies resembling interneurons also label for VGLUT3 (Fig. 2G ). These and scattered unstained cells, particularly in layer II, are heavily decorated by VGLUT3-immunoreactive puncta (Fig. 2H) , a pattern that is observed in many different brain regions. As in the hippocampus, the location of VGLUT3-immunoreactive synapses on cell bodies and dendrites resembles that of vesicular GABA transporter and strongly suggests expression at inhibitory synapses.
In retina, the VGLUT3 antibody labels a discrete set of synapses within the inner plexiform layer (Fig. 3D) . VGLUT3 also localizes to cell bodies of the inner nuclear layer, indicating expression by amacrine cells. Amacrine cells are generally considered inhibitory neurons that release either glycine or GABA (31), but they also express a wide range of other classical transmitters including acetylcholine (ACh) and dopamine (32, 33) . However, cell bodies and processes expressing VGLUT3 do not colocalize with any other markers, including choline acetyltransferase for cholinergic neurons and tyrosine hydroxylase for catecholamine neurons (data not shown). They also fail to Immunocytochemical localization of VGLUT3 to nerve terminals, inteneuron cell bodies, and glia. (A) In the hippocampus, the VGLUT3 antibody labels puncta in the pyramidal and granule cell layers, and at the border between stratum radiatum and lacunosum-moleculare. P, stratum pyramidale; R, stratum radiatum; LM, stratum lacunosum-moleculare; M, moleculare; Gr, granule cell layer of the dentate gyrus. (B) Preincubation with the GST-VGLUT3 fusion protein abolishes the staining for VGLUT3. (C) At high magnification, in CA3, labeled puncta surround unstained pyramidal cell bodies (p) (large arrowheads), and proximal parts of dendrites (small arrow). Similar puncta surround pyramidal cells in CA1 and granule cells of the dentate gyrus (not shown). (D) VGLUT3-immunoreactive terminals outlining a pair of unstained interneuron cell bodies (n) (large arrowheads) and their dendrites (small arrows) in stratum radiatum. (E) VGLUT3 in the perikaryon (but not the nucleus) of an interneuron in the hilus of the dentate gyrus. Stained interneuron-like cells, often decorated with stained nerve endings, occur scattered throughout the hippocampus (not shown). express GAD, which is expressed by a large proportion of all amacrine cells (Fig. 3 E and F) . These results indicate that VGLUT3 defines a previously unidentified subset of amacrine cells that may be capable of exocytotic glutamate release and thus excitatory.
The striatum contains VGLUT3-immunoreactive cell bodies (Fig. 2F ) that presumably correspond to the striatal cells expressing VGLUT3 mRNA by in situ hybridization (Fig. 1 A) . To assess possible expression by cholinergic interneurons, we double-stained for choline acetyltransferase. Although we observed no colocalization in basal forebrain, cortex, hippocampus, or motor nuclei, the VGLUT3 antibody specifically labels most cholinergic cell bodies in the dorsal striatum (Fig. 3 G-I) , suggesting that these cells signal through glutamate as well as ACh. Previous work has focused on the neuromodulatory actions of ACh released by these cells (34) , but the expression of VGLUT3 indicates the potential for rapid synaptic signaling.
In light of the VGLUT3 expression in substantia nigra pars compacta, ventral tegmental area, and raphe nuclei observed by in situ hybridization, we double-stained brain sections for the catecholamine marker tyrosine hydroxylase and the plasma membrane serotonin transporter, but observed no colocalization in the cortex, hippocampus, or brainstem (data not shown). However, previous work has raised the possibility of segregated release sites for monoamines and glutamate (17, 35) . To confirm expression by serotonin neurons, we examined microcultures from the raphe, where all of the processes in an island derive from a single cell. We found extensive colocalization of VGLUT3 with either serotonin or its biosynthetic enzyme tryptophan hydroxylase in Ͼ50% of serotonergic neurons (Fig.  3 J-L) , supporting the physiological significance of previous studies demonstrating glutamate release by monoamine neurons in culture (16, 17) . Remarkably, individual axonal processes of isolated raphe neurons were often observed to contain either VGLUT3 or serotonin, supporting previous suggestions that dopamine neurons segregate monoamine and glutamate markers (17, 35) .
To extend these observations to the ultrastructural level, we performed immuno-electron microscopy. In hippocampal pyramidal and granule cell layers as well as throughout neocortex, immunoperoxidase staining for VGLUT3 labels a substantial number of nerve terminals. All of the labeled terminals form symmetric rather than asymmetric synapses (Fig. 4 A and B) , consistent with the expression of VGLUT3 at inhibitory synapses suggested by light microscopy. Further, the labeled terminals make contact with the shaft of proximal dendrites, a location characteristic of inhibitory synapses. The results thus suggest release of glutamate at what otherwise resembles an inhibitory synapse. Although it remains possible that these cells include a subset of excitatory interneurons (36) that do not release GABA, the colocalization of VGLUT3 with GAD, the expression at symmetric synapses, and the termination on cell bodies and dendritic shafts strongly suggest release of both glutamate and GABA by the same cells. However, only a subset of symmetric synapses in hippocampus and neocortex appear to stain for VGLUT3.
We also observed that VGLUT3 localizes to dendrites in multiple brain regions including the striatum (Fig. 4 C-G) . The staining can extend throughout the dendritic tree (Fig. 4G ) and typically involves internal membranous structures located near synaptic contacts, which are often asymmetric and unlabeled (Fig. 4 C and E-G) . This subcellular localization raises the possibility of a role for VGLUT3 in retrograde synaptic signaling by glutamate. Previous work in the olfactory bulb has indeed demonstrated robust dendrodendritic signaling between excitatory mitral cells and inhibitory granule cells (37, 38) , and we detected VGLUT3 expression by processes with morphological features of dendrites in the external plexiform layer of the olfactory bulb (Fig. 9 , which is published as supporting information on the PNAS web site), which contains these synapses. Recent work has also identified retrograde signaling by exocytotic glutamate release from pyramidal cell dendrites at inhibitory synapses in the cortex (39) .
VGLUT3 further localizes to a subset of astrocytes throughout the brain, by both light microscopy ( Fig. 2 I and J) and immunoelectron microscopy ( Fig. 4 H and I) . Although the astrocyte labeling is less intense than the neuronal, and most convincing in white matter tracts, it nonetheless occurs in a large proportion of the cells. Perivascular staining of glial endfeet also occurs (Fig.  4I) but is not the predominant feature (Fig. 4H) . These results warrant a consideration of the possibility that astrocytes release glutamate by exocytosis in vivo as well as in culture (18) (19) (20) .
The results show that a number of cell populations not traditionally considered to release glutamate by exocytosis express a unique VGLUT. In these cells, VGLUT3 could have a number of physiological roles. For example, glutamate uptake might help to load secretory vesicles with a different transmitter. Indeed, previous work has indicated synergism between the vesicular transport of another anion, ATP, and monoamines (40) . Alternatively, VGLUT3 could serve to create an intracellular store that buffers cytoplasmic glutamate. Expression in liver and kidney might be considered to support these alternatives to a role for VGLUT3 in glutamate release. However, glutamate absorption by the kidney requires export across the basolateral surface of renal epithelial cells, and nitrogen metabolism by the liver involves glutamate transfer between hepatocytes (41, 42) , raising the possibility that VGLUT3 contributes to the exocytotic release or at least the eff lux of glutamate by these non-neural cells. Further, heterologous expression of VGLUT1 and VGLUT2 suffices to confer exocytotic glutamate release (10, 15) , and VGLUT3 transports glutamate with properties very similar to VGLUT1 and VGLUT2. We thus presume that VGLUT3 contributes to the exocytotic release of glutamate.
In summary, the expression of VGLUT3 provides a mechanism for the exocytotic release of glutamate by cholinergic, monoaminergic, and GABAergic neurons as well as astrocytes. Because glutamate generally mediates fast neurotransmission with the potential for many forms of plasticity whereas ACh and monoamines in particular often act as neuromodulators, the release of glutamate and ACh by striatal interneurons and of glutamate and monoamines by dopamine and serotonin neurons has profound implications for the role of these cells in motor control, reward pathways, and neuropsychiatric disease (43) . The potential release of glutamate by GABAergic neurons is particularly surprising because these transmitters are usually considered to have opposing functions in, respectively, excitation and inhibition. In addition to its expression by cells not traditionally considered glutamatergic, VGLUT3 localizes to perikarya and dendrites as well as the nerve terminal, suggesting a nonclassical role in retrograde synaptic signaling. In contrast, VGLUT1 and VGLUT2 appear to be essentially restricted to the nerve terminal. VGLUT3 thus differs dramatically in its membrane trafficking from VGLUT1 and VGLUT2.
